Background Children born preterm or with a small-size-for-gestational-age are at increased 2
Capsule Summary 26
Younger gestational age, smaller size-for-gestational-age at birth, and greater infant weight 27 gain are independently and across the full ranges associated with lung function adaptations, 28 and might explain 7-45% of the risk of childhood asthma. 29 
30

Clinical implications 31
Early growth characteristics may persistently affect lung function, and thereby contribute to 32 the risk of obstructive respiratory diseases in later life. 33
34
Abbreviations 35 FEV 1 Forced expiratory volume in 1 second 36
FVC
Forced vital capacity 37 FEF Forced mid-expiratory flow 38 FEF 75 Forced expiratory flow after exhaling 75% of the vital capacity 39
SDS
Standard deviation scores 40
ATS/ERS
American Thoracic Society / European Respiratory Society 41
BMI
Body mass index 42
INTRODUCTION 43
Children born extremely preterm or with a low birth weight have high rates of neonatal 44 respiratory diseases such as infant respiratory distress syndrome and bronchopulmonary 45 dysplasia (1) . An accumulating body of evidence suggests that these children also have an 46 increased risk of chronic obstructive respiratory diseases in adulthood (2) . More recent, 47 prospective studies in children suggest that preterm birth and small size for gestational age 48 at birth increase the risk of childhood asthma (3) . Recent results of a meta-analysis of 49 individual participant data of 147,000 children participating in prospective birth cohort studies 50
showed consistent associations of younger gestational age at birth and greater infant weight 51 gain with childhood asthma (4) . The associations of lower birth weight with childhood asthma 52 seem to be largely explained by gestational age at birth (4) . The mechanisms underlying the 53 associations of early growth characteristics with childhood asthma are not known yet. Airway 54 caliber is a key determinant of total airway resistance. A reduced airway caliber could result 55 in airway obstruction that predisposes to asthma and chronic obstructive pulmonary 56 diseases (5) (6) (7) . Therefore, we hypothesized that the associations of early growth 57 characteristics with childhood asthma might be explained by developmental adaptations of 58 the lungs and airways, leading to relatively small airways and, hence, a reduction in 59 expiratory flows reflected by lower lung function values (8) . Thus far, previous studies 60 8 mean age of children (8.5 years) in the full meta-analysis. Variables for analyses were 98 forced vital capacity (FVC), forced expiratory volume in 1 second (FEV 1 ), forced mid-99 expiratory flow (FEF ) and forced expiratory flow after exhaling 75% of the vital capacity 100 (FEF 75 ). We mainly focused on FEV 1 , FEV 1 /FVC, and FEF 75 , which reflect reduced airway 101 patency in obstructive lung diseases such as asthma or bronchopulmonary dysplasia due to 102 preterm birth or low birth weight (24, 25) . All lung function variables were converted into sex-103 , height-, age-, and ethnicity (Caucasian versus non-Caucasian) -adjusted Z-scores based 104 on the Global Lung Initiative reference values (26) . Asthma (yes / no) was defined as ever 105 physician diagnosed asthma, and was obtained by medical registries (2 cohorts) or parental 106 questionnaires adapted from the International Study on Asthma and Allergy in Childhood 107 (ISAAC) (27) (22 cohorts) at the age of spirometry (S-table1). Cohort specific 108 characteristics of lung function measurements and asthma are given in the Supporting 109
Information (S-table 3). 110
We included covariates based on known associations with childhood lung function 111 from previous studies (28, 29 were too small to perform these analyses separately in other European regions. To assess 145 differences in results related to pubertal growth changes, we repeated our analyses is strata 146 of children aged < 11 years and ≥11 years (33) . We also performed a complete-case 147 sensitivity analysis to explore any differences between complete and non-complete-case 148 analyses, and sensitivity analyses in which we excluded cohorts that used parental report of 149 early growth characteristics or that did not perform spirometry measurements according to 150 the ATS/ERS guidelines. 
Subject characteristics 168
Information about the main characteristics of the cohorts are given in Table 1 . Detailed 169 information about determinants, outcomes and covariates is given in the Supporting 170
Information (S-tables 1-5).
Of all participants, 8.2% (n = 2,053) was born preterm (<37 171 weeks of gestational age), and 4.8% (n = 1,191) was born with a low birth weight (<2,500 172 gram). The mean age at which spirometry assessments were performed was 8.5 (range 3.9 173 -19.1) years. The proportion of children aged ≥11 years was 11.9% (n = 2,972). 174
175
Early growth measures and lung function outcomes 176
Results from the 1-stage random effect models showed that younger gestational age at birth 177 was, across the full range, associated with lower with smaller airways, decreased lung volume, and subsequently to an increased risk of 240 bronchopulmonary dysplasia, asthma or COPD (9, 14, 38) . Previous studies suggest that 241 children with asthma already have a reduced lung function in the first months of life, and that 242 this deficit progresses into childhood and early adulthood (39, 40) . Airway caliber is a key 243 determinant of total airway resistance and reduced caliber is a prominent feature of asthma 244 and chronic obstructive pulmonary diseases (5-7). Lower lung function in early life is likely to 245 lead to lower peak lung function in early adulthood, and the natural decline in FEV 1 from that 246 point onwards will be accelerated by any additional adverse exposures (41) . Thus, lung 247 function during the lifecourse seems to be programmed at least partly in early life. 248
Children born preterm or with a very low birth weight are at increased risk of neonatal 249 respiratory diseases (1) . We observed that children born at a younger gestational age had a 250 lower FEV 1 , even after taking FVC into account, and a lower FEF 75 in childhood. These 251 associations were not only present among children born very preterm, but across the full 252 range of gestational age at birth. Moreover, the associations of preterm birth with childhood 253 asthma were partly explained by lung function. These findings are in line with previous 254 studies showing persistent lung function adaptions in children and adults born preterm. A 255 recent meta-analysis of 28 published studies showed that children born between 24 and 36 256 weeks had a lower FEV 1 at ages 5 up to 23 years (42). These and other studies suggest that 257 preterm birth has adverse effects on lung function, persisting into adulthood (42) (43) (44) . 258
In the present study, a lower birth weight was associated with lower FEV 1 in 259 childhood. This suggests that a lower birth weight leads to a persistent reduction of airway 260 patency. A previous study analyzed 10 studies examining the associations of birth weight 261 with FEV 1 in adults (range 19 -70 years) (10) . The authors reported a modest positive 262 association between FEV 1 and birth weight. Two recent studies from longitudinal birthindependent of preterm birth in both studies. However, studies among children showed 266 conflicting results (12, 13) . We observed an association of lower birth weight with lower 267 FEV 1 , independent of gestational age at birth. We previously reported that the effect of lower 268 birth weight on asthma was largely explained by gestational age (4). Therefore, although 269 gestational age-adjusted birth weight is associated with lower lung function this seems not 270 related to the risk of clinically manifest childhood asthma. 271
Previous studies examining associations between infant weight gain and childhood 272 lung function have reported inconsistent results (14-16). Differences might be due to 273 different ages at which spirometry was performed, not taking other weight characteristics 274
into account, such as birth weight or current body mass index, and possible hidden bias due 275 to the use of mL instead of Z-scores for lung function (45). In line with the findings for birth 276 weight, we observed that lower infant weight gain was associated with a lower childhood 277 These results suggest dysanapsis, in which airways reflected by FEV 1 remain relatively 280 small in relation to total lung volume reflected by FVC, as a result of a mismatch between 281 airway and alveolar growth (46). Greater infant weight gain was also associated with a lower 282 FEF 75 , which is in line with previous studies reporting associations of body mass index or 283 adiposity with reduced expiratory flows and asthma (47, 48) . A suggested mechanism is 284 leptin release from adipose tissue, which might have pro-inflammatory effects in the airways 285 (49), or a direct effect of increased body weight on lung function (50) . However, our analyses 286 were adjusted for childhood body mass index. Further studies are needed to explore 287 whether the associations of infant weight gain with end-expiratory flows are explained by 288 specific adiposity-related measures or biomarkers. 289
To the best of our knowledge this is the first study that examines the individual and 290 combined associations of the main early growth characteristics with childhood lung functionassociations of early growth characteristics with childhood asthma. Our results suggest that 293 respiratory consequences of preterm birth and a low birth weight present across the full 294 range. This observation might have important population effects, since the largest majority of 295 children are in the less extreme ranges of gestational age and weight at birth. Furthermore, 296 our results suggest that the associations of gestational age, birth weight and infant weight 297 gain with childhood asthma are at least partly explained by adaptions in airway caliber. We 298 observed strong effect estimates with wide confidence intervals which limits the precision. 299
Therefore, these mediation effects should be interpreted carefully. The effect estimates for 300 the observed associations could be considered as small and without clinical relevance for 301 individuals. However, the associations may be important from an etiological respiratory 302 developmental perspective and may be important on a population-level. The associations of 303 early growth characteristics with lung function outcomes seemed already established before 304 the pubertal growth spurt. The largest lung and airway growth occurs before pubertal growth 305 spurt (37, 51), with FVC increasing proportionately more than the FEV 1 (33) . Lung and 306 airway growth is proportionally less after start of the pubertal growth spurt (33) , which might 307 explain the similar effect estimates before and after the pubertal growth spurt. (ISAAC) (27) . This questionnaire has been validated in various age groups in many 318 countries against measurements of bronchial hyperresponsiveness and doctor-diagnosed 319 asthma, and is widely accepted in epidemiological studies. We did not have information onuse of asthma medication, which might have influenced the lung function values in asthmatic 321
patients. This missing information on asthma medication may have influenced our effect 322 estimates. We would expect that asthmatic children who use asthma medication would in 323 general have had a higher lung function values in case of good adherence and inhaler 324 technique. We used GLI reference data to convert lung function values into Z-scores. These 325 prediction equations were based on 74,187 individuals including 31,840 individuals aged 326 <20 years, of whom 58% were assessed before, and 42% were assessed during pubertal 327 growth spurt (26) . To date, the GLI normal values are considered the most accurate 328 reference values for all age ranges, and have been adopted by both the ATS and ERS. For 329 the covariates, we imputed missing values as additional category to prevent exclusion of 330 non-complete cases. No differences in results were observed in complete case analyses. No 331 direct clinical and laboratory information about pubertal growth was available. Also, 332 although we took major potential confounders into account, residual confounding may still be 333 an issue. No information was available about e.g. exposure to environmental micro-334 organisms or asthma severity. Exploring mediation of lung function for the association of 335 early growth characteristics with asthma using the method proposed by Baron and Kenny 336 might have been limited by misclassification of lung function measurements or asthma 337 diagnosis although we aimed to reduce this issue by multi-level modelling (52) . Most of the 338 participating studies had measured childhood lung function and asthma at the same age. 339 Therefore, further follow-up studies with longitudinally measured detailed data on lung 340 function and asthma or related symptoms from birth onwards are needed to disentangle the 341 direction of causality. 342
In conclusion, younger gestational age, lower birth weight and lower infant weight 343 gain were independently associated with persistent changes in childhood lung function. 344
These associations were present across the full spectrum of these early growth 345 characteristics. Stratified analyses showed that children born very preterm with a relatively 346 low birth weight had the lowest FEV 1 ) and force expiratory flow at 75% of the exhaled FVC (FEF 75 ). Values are means (standard deviations) and percentages (absolute numbers) for the information on asthma. Additional information on data collection (Table S1 ), determinants (Table S2) , outcomes (Table S3) , and maternal and child related covariates (Tables S4, S5 ) is provided in the Supporting
Information.
